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By To obtain Altitude, as used in this report, refers to distance above the vertical datum. Pleasant River Basin may have the potential to reduce available habitat for listed Atlantic salmon because groundwater withdrawals can decrease the water levels of nearby surface-water bodies (depending on hydraulic connectivity), thereby decreasing streamwater levels and streamflows (Mary A. Colligan, National Oceanic and Atmospheric Administration National Marine Fisheries Service, written commun., 2006). In 2006, the U.S. Geological Survey (USGS), in cooperation with the Maine Atlantic Salmon Commission (ASC), conducted a study to analyze available surface-water data collected at two USGS streamflow-gaging stations located on the Pleasant River near Crebo Flat, Maine, ( fig. 1 ) to determine whether withdrawals from an irrigation well approximately 400 ft from the Pleasant River are affecting streamflows. The results of this study can be applied to consideration of the effects of irrigation withdrawals from any additional wells near the Pleasant River or from wells in other, similar stream-aquifer systems in Maine, and consequently, to the effects of such withdrawals on streamflows and thus habitat for salmon and other aquatic species in those streams.
List of Acronyms
This report documents streamwater levels at two streamflow-gaging stations on the Pleasant River in relation to ground-water withdrawals during July 1 to September 30, 2005, and presents estimates of short-term streamflow depletion. Streamwater levels, streamflow, and volumes of ground water withdrawn are listed in tables. Streamwater levels on days when pumping occurred, in relation to streamwater levels on days without pumping; median monthly streamflows; and streamwater levels along with volumes of withdrawals are shown in figures.
Description of the Pleasant River Basin
The Pleasant River in eastern Maine is a coastal river draining an area of 126 mi 2 ( fig. 1 ) (Fontaine, 1982) . In general, the river flows from north to south, beginning at Pleasant Mountain (altitude 1,374 ft) in Devereaux Township, and ending at the Atlantic Ocean. The Pleasant River Basin
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Surface-water data collected at two streamflow-gaging stations on the Pleasant River were analyzed to determine whether ground-water withdrawals from an irrigation well near the Pleasant River have affected streamflows. The relation between the stream-stage data from the two stations shows that stream stage on days when the well was pumped differs from stream stage on days with no pumping, indicating that short-term streamflow depletion occurred. The linear relation defining the relation of stage at the two gaging stations during periods of pumping is significantly different from the linear relation defining the relation of stage at the same two stations during periods of no pumping. The difference between the two linear relations was used to estimate how much shortterm streamflow depletion is coincident with ground-water withdrawals. Estimated short-term streamflow depletion varies with stage and ranges from approximately 0.3 to 0.8 cubic feet per second; the relative short-term streamflow depletion ranges from approximately 1.7 to 10 percent.
Introduction
On November 17, 2000, The National Oceanic and Atmospheric Administration's (NOAA) National Marine Fisheries Service (NMFS) and the U.S. Fish and Wildlife Service (USFWS) jointly listed the Gulf of Maine Distinct Population Segment (DPS) of Atlantic salmon (Salmo salar) as endangered under the Endangered Species Act (ESA) of 1973, as amended. The DPS includes Atlantic salmon populations in the Dennys, East Machias, Machias, Pleasant, Narraguagus, Ducktrap, and Sheepscot Rivers, and Cove Brook, Maine.
Over the last several years , the amount of ground water withdrawn for irrigation in eastern Maine has increased (Marcia Spencer-Famous, Maine Land Use Regulatory Commission, oral commun., 2006). Increased withdrawals for irrigation for agricultural purposes in the , 2002) . Mean annual precipitation during the same 30-year period was approximately 51 in., which was fairly evenly distributed throughout the year. Mean annual evapotranspiration (loss of water to the atmosphere by evaporation from the soil and transpiration from plants) from 1951 to 1980 was about 18 in. (Randall, 1996) . Mean annual runoff from the 60.6-mi 2 area gaged by USGS streamflowgaging station number 01022260 (Pleasant River near Epping) ( fig. 1 ) was about 31 in., computed on the basis of streamflow records collected during 1980-91 and 2000-04 (Stewart and others, 2005) .
Streamflow
Streamflow in the Pleasant River is not substantially regulated by dams; daily and longer averages of measured streamflow are thought to be representative of natural conditions (Slack and Landwehr, 1992) . The effect on streamflow of surface-or ground-water withdrawals for irrigation (or other consumptive diversions of water) is presently unknown because a lack of historical information about these practices precludes an analysis of streamflows before and after pumping began. Median monthly streamflows, as recorded by streamflow-gaging station number 01022260 near Epping, show a typical seasonal distribution for Maine ( fig. 2) . The largest streamflows in coastal Maine typically occur in the spring (March, April, and May) when rain falls on a dense snowpack or on saturated soils. Streamflows then recede as snowmelt ends and evapotranspiration increases. The recession typically persists through the summer (July, August, and September) because of high evapotranspiration; the lowest streamflows typically occur during the summer. Streamflow in late summer is dominated by ground-water discharge to the stream and frequently is augmented by runoff from rainfall. As evapotranspiration decreases in the fall (October and November), streamflow increases. Repeated rainfall and the occasional contribution of tropical-systemrelated precipitation can result in high streamflows during the fall. Low streamflows can occur during the winter (December, January, and February) if precipitation and surface water is frozen for extended periods of time.
Surficial Geology
Most of the Pleasant River Basin lies in a hydrophysiographic region of broad lowlands that were covered by glaciers and later inundated by the ocean during deglaciation approximately 14,000 to 12,500 years ago (Dorion and others, 2001; Randall, 2000) . Fine-grained glaciomarine deposits (silt, clay, and sand) and ice-contact glaciofluvial deposits (sand, gravel, and silt) are characteristic surficial materials in the lower region of the river basin. The northern part of the Pleasant River Basin, with low to moderate topographic relief, was not inundated by the ocean. The surficial geologic deposits in the headwaters region of the Pleasant River are glacial till (a heterogeneous mixture of sand, silt, clay, and stones) with ice-contact glaciofluvial deposits, glacial outwash deposits (sand and gravel), and eskers (gravel and sand) (Randall, 2000; Thompson and Borns, 1985) .
Ground-Water/Surface-Water Interaction
Many sand and gravel deposits in coastal Maine are water-bearing geologic features (aquifers) capable of yielding a usable amount of ground water to a well. These deposits are commonly referred to as sand-and-gravel aquifers. Some of these aquifers are part of stream-aquifer systems characterized by thick layers of sand and gravel in hydraulic connection with one or more streams. Fine-grained (clay and silt) marine deposits common in coastal Maine can impede or completely obstruct hydraulic connections between aquifers and streams, depending on the configuration of the deposits relative to the aquifer and the hydrologic conditions (Driscoll, 1986; Neuman and Witherspoon, 1969 ). An aquifer in a typical streamaquifer system in coastal Maine is recharged principally by snowmelt (spring) and precipitation (spring and fall); recharge typically is occluded during winter when the ground is frozen. Streamflow typically is sustained by ground-water Description of the Pleasant River Basindischarge from deep parts of the aquifer during periods of low recharge, such as can occur during summer months, when evapotranspiration rates are high (Koltun, 1995) .
Water pumped from an aquifer in a stream-aquifer system is derived from (1) intercepted ground-water discharge (ground water that would have discharged to the stream in the absence of pumping) and (2) induced infiltration (streamflow drawn into the ground-water system) (Barlow and others, 2003) ; both elements are considered streamflow depletion. The quantity and timing of streamflow depletion is a function of the distance of the point of ground-water withdrawal (well) from the stream and the degree of stream-aquifer hydraulic connectivity (Granato and Barlow, 2005) . Over short intervals and (or) at small rates of ground-water withdrawal, stream depletion is due primarily to intercepted ground water. Ground-water withdrawal over long intervals and (or) at large rates results in induced infiltration becoming an increasingly larger contribution to streamflow depletion (Granato and Barlow, 2005) . Depending on the distance from the point of ground-water withdrawal to the stream and the stream-aquifer hydraulic connectivity, ground-water withdrawal can cause immediate streamflow depletion and (or) the depletion can be delayed over days, weeks, months, or even years (Granato and Barlow, 2005; Franke and others, 1998; Winter and others, 1998) .
Methods of Study
This section of the report documents the data used for analyses, the limitations of those data, and the analyses applied to the data.
Collection of Data
Streamwater levels (stages) were continuously recorded (15-minute intervals) at streamflow-gaging station 01022210 from October 2004 to September 2005. Occasional low-flow measurements were made at station 01022220 during water years 2000-02, and stream-stage data were recorded from August 2002 to September 2005. Stream stage is measured by a pressure transducer as the height of water in feet above a fixed gas orifice with an accuracy of less than or equal to 0.02 percent of full-scale output (Bailey, 2001 ). The orifice is built into a section of 2-in. pipe that is anchored to a concrete pad in the river bottom. Stage data at station 01022210 are recorded by a Design Analysis H-350 Data-Collection Platform (DCP), and stage data at station 01022220 are recorded by a Sutron 8200 DCP. Daily pumpage records document the total amount Stream-stage data, for 15-minute intervals from July 1 to September 30, 2005, were retrieved from the USGS Automated Data Processing System (Hoopes, 2004; Sauer, 2002) (fig. 3 ). Daily withdrawal (pumpage) records for the irrigation well during the same time period were provided by the Maine Land Use Regulatory Commission (LURC) (table 1).
Consideration of Limitations of the Data
The streamflow data were analyzed in the context of several confounding factors and assumptions. First, the collection of data at stations 01022210 and 01022220 was not specifically designed to detect and quantify effects of groundwater withdrawals. Although the existing streamflow data can be used in a preliminary analysis, a more comprehensive data-collection program effort would be needed to support an analysis capable of precisely quantifying short-and long-term streamflow depletion due to nearby ground-water withdrawals. At a minimum, such an effort would encompass the collection of geologic and hydrologic information about the streamaquifer system, ground-water level data, and empirical and (or) stochastic modeling.
Second, only a short period of streamflow record is available for analysis. fig. 3 ) is available for analysis, so that inter-annual comparisons are not possible. In addition, pumping from the irrigation well had already begun prior to the establishment of the upstream gaging station (01022210). Without a longer historical period of record including a period of time prior to substantial ground-water withdrawals, the streamflow data cannot be considered unaffected. Thus, any long-term effects that may be reflected in the streamflow data cannot be determined or quantified; the analysis documented in this report addresses only short-term streamflow depletion.
Finally, because of the short period of record available and the serial correlation of the data, a database of independent hydrologic events is not available for analysis. In this case, serial correlation is manifest in basin responses to specific rainfall events, which are related to preceding runoff conditions. Serial correlation may attribute greater significance to statistical tests than actually exists unless statistical methods that specifically account for serial correlation are used. Another method for dealing with serial correlation is to remove it, which typically involves sampling the data or grouping the data using summary statistics-both of which would produce a smaller data set from an already small set of data available for this analysis. Stream stage serves as an accurate proxy for streamflow: low stages correspond to low flows, high stages correspond to high flows. Flows are computed from stage data on the basis of a stage-flow relation, typically referred to as a rating curve, which is developed by making periodic streamflow measurements over a range of flows (table 2) . Stage data are recorded and quality assured, and flows are measured and computed from stage records following methods adopted by the USGS as a result of experience accumulated since 1880 (Rantz and others, 1982) . Because the irrigation well of interest is located between the two streamflow-gaging stations, it is expected that the effects of any intercepted ground water that would have discharged to the stream, or induced infiltration from the stream in the vicinity of the well would be reflected in the recorded stream stage at the downstream station. The analyses in this report make use of the stage data recorded at each station, rather than computed flow, to reduce sources of uncertainty, specifically those associated with development of the rating curve.
Statistical Analyses of the Data
Stream-stage data recorded at the two streamflowgaging stations were expected to closely correspond to each other because they are on the same stream in relatively close proximity and share similar drainage-basin characteristics. The first step in the analysis was to plot stage data for one station against stage data for the other to determine the strength of the correlation and to examine any outliers. Fifteen-minute stage data recorded at each station from July 1 to September 30, 2005, were arithmetically averaged into 4-hour data and plotted ( fig. 3 ). Four-hour data were used to simplify data handling and to improve clarity of plotting (the number of data points was reduced from 8,816 to 551) while still allowing for a sub-daily frequency of data.
The stage data correlate strongly with a coefficient of 0.995 (n = 551). The stage data were linearly related using a line of organic correlation (LOC, eq. 1), which is a linear fitting procedure that provides a unique line, identical regardless of whether X or Y are used as the response variable (Helsel and Hirsch, 1992) . Thus, , 
which simplifies to , LOC equations were derived for 15-minute stage data and the data were averaged on 1-, 4-, 6-, 12-, and 24-hour timesteps to investigate the sensitivity of the LOC equations to the timestep used to average the data. The slopes and intercepts of LOCs for all timesteps did not vary more than 0.5 percent.
A sign test (or two-sided binomial test) was applied to the residuals of stage data (residuals from the LOC) recorded on days during which pumping is indicated to have occurred. The sign test is a non-parametric statistical test that determines whether one variable is generally larger or smaller than another variable (Helsel and Hirsch, 1992) .
In an effort to observe deviations from the derived LOC on a time scale, the LOC relation was used to estimate expected downstream stage on the basis of upstream stage. LOC-estimated stage was subtracted from actual measured downstream stage to create a time-series plot of residuals-the deviation of actual stage from the stage expected on the basis of the LOC relation. A moving-average curve was drawn through the time-series plot of residuals. The moving average line is a Loess regression line computed on the basis of a 1-day weighting window.
The Durbin-Watson statistic was computed on the residuals of the LOC model to test for serial correlation (Helsel and Hirsch, 1992) . Because of the serial correlation observed in the residuals from the LOC model, an AutoRegressive Integrated Moving Average (ARIMA) model (Box and Jenkins, 1976 ) was fit to the residuals from the LOC model to determine the statistical significance of precipitation and pumping on the residuals. The ARIMA(1,0,0), which is also known as a first-order autoregressive AR(1) model, was found to fit the data reasonably well-residuals were normally distributed and residual plots versus time and candidate explanatory variables did not show any curvature or non-constant variance. The explanatory variables used in the model were precipitation (inches per day), pumpage (millions of gallons per day), and a first-order Fourier series (sine and cosine functions of time) to account for the diurnal cycle (daily effects of evapotranspiration on stream levels).
To estimate the magnitude of the observed short-term streamflow depletion, hourly-averaged stage data (July 1 to September 30, 2005) were parsed into two data sets: (1) data collected on those days during which pumping is indicated to have occurred, and (2) data collected on those days during which pumping is indicated not to have occurred. Because only daily withdrawal data were available for analysis, it is not known exactly when during a day that pumping started or stopped. Therefore, data collected within 24 hours prior to a pumping day were not used in either data set, nor were data that were collected within 48 hours following a pumping day used in either data set. This parsing of the data ignores any possible streamflow depletion effects longer than 48 hours. For the purposes of this analysis, then, streamflow was assumed to be unaffected by pumping from the irrigation well beyond (later than) 48 hours after pumping had stopped. . Statistical t-tests were done to determine whether the slope and intercept of the LOC defining the stage relation during pumping (eq. 4) are significantly different from the slope and intercept of the LOC defining the stage relation during periods of no pumping (eq. 5). The test statistic computed for both t-tests is the t-ratio.
The differences in stage between these two LOCs were used to estimate how much short-term streamflow depletion is coincident with pumping. No differentiation was made with regard to magnitude of withdrawals (from July 1 to September 30, 2005, withdrawal rates ranged from about 0.57 to about 2.92 Mgal/d (table 1) )-all data collected during pumping were used in the derivation of equation 4. The differences in stage for the downstream station were applied to the slope of the stage-flow relation developed at this station (table 2) to estimate the approximate depletion in streamflow. The slope of the stage-flow relation has less uncertainty associated with it than the actual streamflow computed at any given stage in the stage-flow relation.
Effects of Ground-Water Withdrawals on Streamwater Levels
From the graphical plot of stage data relating the two gaging stations, it is evident that stage data collected on pumping days deviate from data on non-pumping days at low and middle stages (flows), which indicated that some shortterm streamflow depletion occurred (fig. 4) . More than three quarters of the points representing data collected on pumping days plot below the LOC derived on the basis of all 4-hour stage data. At the high end of this relation (highest stages recorded in July during this time period), the data appear not to deviate; the observed effect is not unexpected-as flows get larger, the proportion of short-term depletion to total flow gets smaller. The null hypothesis of the sign test states that about half of the residuals are positive (data points above the LOC) and half are negative (data points below the LOC), thus the residuals should be uniformly distributed above and below the LOC (fig. 4) . The result of the sign test on residuals of stage data recorded on days when pumping occurred rejects the null hypothesis (p-value < 0.0001, for which 91 out of 120 residuals are negative, or lower than predicted by the LOC; a higher degree of significance may be attributed to the test result than actually exists due to serial correlation in the data). Seventy-six percent of the stage data recorded on days when pumping occurred were lower than the stage predicted by the LOC derived on the basis of all the stage data. This indicates that this subset of stream-stage data is biased lower than expected because of an explanatory factor not accounted for in the LOC model. In this case, the explanatory factor is likely short-term streamflow depletion during pumping.
The time-series plot of residuals ( fig. 5 ) clearly illustrates the serial correlation of the data; positive residuals are grouped with other positive residuals, and negative residuals are grouped with other negative residuals. Positive residuals indicate the actual stage at the downstream station (01022220) is higher than LOC-estimated stage, and negative residuals indicate the actual stage is lower than LOC-estimated stage. The time series of positive and negative residuals ( fig. 5B) indicates responses of stream stage at each station to precipitation events as water runs off and moves through the basin ( fig. 5A ). Precipitation data ( fig. 5A ) are arithmetically averaged daily data recorded at National Weather Service stations in Wesley and Beddington, Maine. The largest negative residuals (lower than LOC-estimated stages at the downstream station) coincide with days during which pumping occurred ( fig. 5B ; table 1), indicating short-term streamflow depletion.
The Durbin-Watson statistic confirmed serial correlation among the residuals (d = 0.39, n = 551). The ARIMA model was found to fit the LOC residuals reasonably well. The Fourier series accounted for the diurnal cycle with high statistical significance. Precipitation was a marginally significant (p = 0.064) explanatory variable, and pumping Data recorded on days during which no pumping is indicated Data recorded on days during which pumping is indicated a highly significant (p = 0.0001) explanatory variable. The results of the ARIMA model confirm the graphical-assessment conclusion that short-term streamflow depletion during pumping is a significant explanatory factor for the lower-thanexpected stage data (negative LOC residuals) recorded at the downstream gage at times when pumping was indicated to have occurred. Plotting the residuals over time ( fig. 5 ), provides a way to estimate the timing of short-term streamflow depletion relative to the timing of withdrawals. Short-term streamflow depletion was observed to occur quickly-perhaps within approximately 12 to 24 hours after the onset of pumping. Short-term streamflow depletion likewise appeared to diminish relatively quickly as well-on the order of 24 hours after cessation of pumping. Long-term streamflow depletion was not quantified in this analysis.
Statistical t-tests were done to determine whether the slope and intercept of the LOC defining the stage relation during pumping (eq. 4) are significantly different from the slope and intercept of the LOC defining the stage relation during periods of no pumping (eq. 5) (fig. 6 ). The null hypothesis (the lines are not statistically different) was rejected (p < 0.0001) for both t-tests (a higher degree of significance may be attributed to the test results than actually exists due to serial correlation in the data). The null hypothesis is rejected if the t-ratio exceeds a critical value on the Student's t distribution (Helsel and Hirsch, 1992) . The slope of the LOC defining the stage relation during pumping indicates that the stage at the downstream station was lower during pumping than during periods of no pumping, and that the difference increases as stage decreases; as stage increases, the difference decreases and eventually intersects the LOC defining the stage relation during periods of no pumping ( fig. 6 ). The stage differences between these two LOCs were used to estimate how much short-term streamflow depletion is coincident with pumping. Estimated short-term streamflow depletion coincident with pumping over the range of stages observed from July 1 to September 30, 2005, varies with stage and ranges from approximately 0.3 to 0.8 ft 3 /s (table 3) ; the relative short-term streamflow depletion ranges from approximately 1.7 to 10 percent (table 3) .
The LOC defining the stage relation during periods of no pumping is derived on the assumption that no substantial streamflow depletion occurs after 48 hours following the cessation of pumping. If substantial streamflow depletion is present during periods longer than 48 hours (long term) after the cessation of pumping, the LOC representing relatively undepleted conditions actually could be representing some degree of streamflow depletion, in which case the above estimates of depletion would be underestimated.
Depending on the distance from the point of groundwater withdrawal to the stream and the stream-aquifer hydraulic connectivity, ground-water withdrawal not immediately resulting in short-term streamflow depletion can result in long-term depletion occurring over days, weeks, months, or even years. Long-term depletion cannot be determined or quantified because only a short period of stream-stage record is available for analysis, and the withdrawal of ground water was ongoing prior to the establishment of the upstream gaging station (01022210). 
Summary and Conclusions
Ground-water withdrawals for irrigation in the Pleasant River Basin could affect flow in the Pleasant River and subsequently adversely affect the habitat for endangered Atlantic salmon. Surface-water data collected from July 1 to September 30, 2005, at two streamflow-gaging stations on the river (station numbers 01022210, Pleasant River above Colonel Brook near Crebo Flat; and 01022220, Pleasant River near Crebo Flat) were analyzed to determine whether pumping from an irrigation well near the river have affected flow in the river.
Stream-stage data collected at the gaging stations and daily withdrawal records for the irrigation well were used in the analysis. A linear relation between the stage data from the two stations provides evidence that the stream stage on days when the well was being pumped deviates from the stage on non-pumping days at low and middle flows, indicating shortterm streamflow depletion had occurred. The same linear relation was used to estimate expected downstream stage on the basis of upstream stage. Estimated stage was subtracted from actual measured downstream stage to create a time-series plot of residuals from July 1 to September 30, 2005. The largest negative residuals (lower than expected stages at the downstream station) coincide with days during which pumping occurred, indicating short-term streamflow depletion.
To estimate the magnitude of the observed short-term streamflow depletion, hourly averaged stage data were parsed into two data sets: (1) data collected on days when pumping occurred, and (2) data collected on days when pumping is reported not to have occurred. Linear relations were derived for each data set, and the differences between these two relations were used to estimate how much shortterm streamflow depletion is coincident with withdrawals. The results of statistical tests indicate that the linear relation defining the stage at the two streamflow-gaging stations during pumping is significantly different from the relation defining the stage at the same two stations during periods of no pumping.
Estimated short-term streamflow depletion coincident with withdrawals over the range of stages observed from July 1 to September 30, 2005, varies with stage, and ranges from approximately 0.3 to 0.8 ft 3 /s; the relative short-term streamflow depletion ranges from approximately 1.7 to 10 percent.
The stream-stage data were analyzed in the context of several confounding factors and assumptions. First, the collection of data at the two gaging stations was not specifically designed to detect and quantify the effects of ground-water withdrawals. Second, only a short period of streamflow record is available for analysis, and the withdrawal of water at the irrigation well had begun prior to the establishment of the upstream station (01022210). Thus, any long-term effects that might be reflected in the data cannot be determined or quantified; the analysis documented in this report addresses only short-term streamflow depletion. Finally, because of the short period of record available and the serial correlation of data (data at any given time are related to data that came before it), a database of independent hydrologic events (rainfall to runoff) is not available for analysis.
Although the existing stream-stage data can be used in a preliminary analysis, a more comprehensive data-collection effort would be needed to support an analysis capable of precisely quantifying short-and long-term streamflow depletion due to nearby ground-water withdrawals. At a minimum, such an effort would encompass the collection of geologic and hydrologic information about the stream-aquifer system, ground-water-level data, and modeling.
